








Nanoscale  solid‐solid  contacts  define  a wealth  of materials  behaviour  from  the 
friction  in  micro‐  and  nanoelectromechanical  systems1  to  electrical  and  thermal 
conductivity  in modern electronic devices2. For modern, ultra‐high  integration processor 
chips and power electronic devices one of most essential, but thus far most challenging, 
aspects  is the heat transport  in nanoscale sized  interfaces3. Highest spatial resolution to 
date,  achieved  via  nanoscale  probes  in  scanning  thermal microscopy  (SThM)4,  is  often 
devalued  by  the  poorly  defined  nature  of  the  nanoscale  contacts5. Here we  show  that 
simultaneous measurement  of  shear  forces  and  heat  flow  between  the  probe  and  the 
studied material elucidates the key parameters of solid‐solid contact. Our analysis indicates 
the  intrinsic  ballistic  nature  of  heat  transport  via  nanoscale  contacts  in  such  a  system. 




anti‐correlation of  the  thermal  resistance  and  shear  forces, demonstrate  a quantitative 
approach for the experimental characterisation of thermal transport in nanoscale junctions. 
 
As  continuously  decreasing  length  scales  are  being  exploited  in  electronic  devices, 
nanoelectromechanical  systems  and  nanomaterials,  understanding  the  true  nature  of 
nanoscale  contacts  between  solid  surfaces  and  interfaces  is  essential.  Whilst  electron 
transport7  and  force  interaction8  in  such  contacts  have  been  well  explored,  studying 
nanoscale  heat  transport  in  active  (heat  generating)  and  passive  (heat  dissipating) 












Figure  1  |  Multi‐asperity  contact  between  a 
heated  SThM  probe  and  sample.  Schematic 
diagram showing how contact area (green  line) 
between  probe  and  sample  does  not  increase 
linearly due to the unpredictable and fluctuating 
nature of the probe‐sample nanoscale interface.
A  tempting  approach  to  resolve  this,  would  be  to  find  another  parameter 
complimentary to the heat transfer, sensitive to the state of the nanoscale junction. Recent 
reports5 that link heat transport in nanoscale junctions and the normal force, together with 
well‐established  dependence  of  friction  force  on  the  normal  force,  and  hence  solid‐solid 
contact area15‐17 prompted us to make simultaneous measurements of the shear force and 
the heat transport. Another potentially useful measurement – a tip‐surface compliance would 











response, b,  normal  force  and  c,  shear  response  as  a  function  of  relative  cantilever  displacement 
(z ‐ position) of SThM probe on a polished quartz substrate. In each case the z position is zeroed at the 
surface of the sample; solid  line  is corresponds to cantilever approach and dashed  line to cantilever 
retraction. All curves clearly  indicate  the onset  (red  line) and breaking  (blue  line) of  the  solid‐solid 
contact, the fine features of the thermal contact fluctuations in are practically not observable in the 
normal force response. d, Correlation analysis (from 5 to 50 nm) between experimental thermal and 






thermal probe  (SP,  see Methods) was  slowly  at 10 nm  s‐1, brought  into  contact with  the 
sample in the standard force spectroscopy way19. Remarkably, the behaviour of the thermal 




We  then  conducted detailed  SThM  studies  in  air  and high  vacuum  (1 ×  10‐7  Torr) 
environment  to  investigate  the  relative  contributions  to  the  nanoscale  heat  transfer 
phenomena at the tip‐sample contact. These could be a) solid‐solid contact of the probe apex 
and  the  sample20,  b)  through‐the‐air  conduction21,  c)  heat  transfer  via  liquid  bridge  of 
condensed water in the contact region22, and d) radiative far‐field and near‐field heat transfer 
with a latter being negligible in measurement conditions4. Here a doped Si (DS, see methods) 
microfabricated  probe was  brought  into  contact with  polished  Si  surface  and,  as  above, 







Figure  3  |  Comparison  of  thermal  and  shear  responses  in 
ambient and vacuum environments. Approach‐retract cycles in 
(a, c, e) ambient and  (b, d,  f) vacuum environments using DS 
probe.  c‐f,  Simultaneous  total  thermal  resistance  (solid  lines) 
and  lateral  force  (dashed  lines)  signals  obtained  during  tip 
retracting  from  (c, d) and approaching  to  (d  ,f)  to  the  surface 
(insert  corresponds  to  contact  thermal  resistance  RC). While 
normal  forces  show  little  if  any  correlation with  the  thermal 
response,  shear  forces  show  clear  anti‐correlation  with  the 
thermal  responses.  Shear  response  presented  reflects  the 






eliminated  in high vacuum environment  (Fig. 3f). Furthermore, whilst  there  is significantly 
greater adhesion due  to  the presence of  the  tip‐sample water bridge  (~137 nN  in air and 
















asperity contact of radius a.  In the diffusive  limit (a ~  l), the thermal resistance  is given by 
1/2 . The  behaviour  of  these  models  as  a  function  of  r,  and  L  is  shown  in 
Supplementary note 3. 
We compared the experimental and modelled vacuum SThM response (Fig 3. d,f) as 






Figure  4  | Comparison of  experimental  and modelling  shear  and 
thermal  responses. Experimental approach  (blue) and  retract  (red) 
data  and modelling  (green)  for  single  asperity  contacts  in  a,  the 
ballistic and b, diffusive thermal limits. A black line is a linear fit to the 














and may be  further  investigated using a multi‐asperity contact model using,  for example, 
molecular dynamic simulations28. 











In  conclusion,  we  elucidate  heat  transport  in  nanoscale  solid‐solid  contacts  by 
simultaneous monitoring  of  shear  forces  and  the  heat  transport  in  the  scanning  thermal 
microscopy based approach. We observed a clear  inverse correlation between the thermal 
resistance  and  shear  forces  at  varying normal  load with  a  correlation  coefficient  close  to 
negative  1.  Our  comparative  analysis  suggests  that  the  heat  transport  in  these  typical 
nanoscale  solid‐solid  contacts  is  of  ballistic  nature  via  single  or multi‐asperities  contact. 
Moreover, we were able to propose a generalised relationship between shear response and 
ballistic thermal resistance for nanoscale contacts which can be easily realised in practically 
any  nanoscale  contact  pairs  having  phonon  dominated  heat  transport  and  may  play  a 





SPM  measurements.  Ambient  SThM  measurements  were  performed  using  a  standard 
contact AFM steup (Bruker Multi‐Mode, Nanoscope III) with ‘half‐moon’ SThM probe holder 





precision  function  generator  (Model  3390,  Keithley  instruments),  used  for  resistance 
measurements and a DC offset providing probe Joule self‐heating 30. The probe’s electrical 

















1 √ 1 / 	 /2   where Lc  is  the  negative  critical  load.  L  is  derived  from  z‐
displacement using Hooke’s law in the standard way19,  Lc can be experimentally determined 
as the pull off force of the probe from the sample and ao is the contact radius at zero load 
such that  6 /  where r is the tip curvature radius, γ is interfacial energy per 
unit area (work of adhesion) and K is the combined elastic modulus of tip and sample such 


















by the Knudsen number (l/a) for both the diffusive (a » l) and ballistic (a ~ l) where l is the 
mean free path of phonons in the material. The thermal contact resistance (Rc) can be written 
as  	 1  where   and C is the specific heat capacity per unit volume 
and vg is the phonon group velocity27. In the ballistic approximation, we assume that Kn →∞ 
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Supplementary note 1: Analysis of probe approach in ambient conditions 
During approach of the heated SThM probe, in ambient conditions, a sharp snap-in to 
contact occurs when the gradient of attractive forces, predominantly van der Waals and water 
capillary bridging1, between sample and probe is greater than the cantilever spring constant, k 
(at kSP ~0.3 Nm-1).  Simultaneously, a sharp decrease in thermal response at the surface (z 
position of 0 nm) arises from conductance between the heated probe and sample due to the 
onset of solid-solid contact. The gradient of the thermal response prior to snap-in (negative z 
position) is due to conduction through the narrowing probe-sample air gap1,2. For Au surface, 
immediately after the contact, the probe temperature decreases indicating decrease of the 
thermal resistance of the probe, due to increase of the contact area following the increase of 
the normal force. Simultaneously, the friction force that was zero shear prior to solid-solid 
contact, increases close to monotonous dependence after the initial contact with the increase of 
the load3. It should be noted that for SiO2 sample, both the thermal and shear response post 
contact are far from being monotonous (arrows in Fig.S1a) that may be linked with the probe 
tilt and constant torsion under normal forces, so that a different zone of the probe apex is 
contacting the surface. We noted no change in response over multiple (~100) cycles indicating 




Figure S1 |  Comparison of Au and Quartz thermal and shear 
responses. Two representative thermal (dashed lines) and shear 
(solid lines) responses of a nanoscale SP SThM probe approaching 
a, quartz and b, Au surfaces (z=0 corresponds to the sample 
surface).  
 
Supplementary note 2: Correlation analysis of thermal and shear responses 
 Correlation analysis, using the Pearson product-moment correlation coefficient, was 
performed on the multiple sets of experimental data of the thermal response and shear response 
for both Quartz and Au, typical responses for which are shown in Fig. S1. In each case a 
correlation coefficient between -1 and +1 is generated where -1 indicates a perfect negative 
correlation, +1 indicates a perfect positive correlation and coefficients around 0 indicates no 
correlation. 
Here we compared experimental thermal data with randomly generated shear data (Fig. 
S2a,b) of the same overall mean value and maximum/minimum values. Similarly, we compared 
experimental shear data with randomly generated thermal data (Fig S2c,d). In both cases 
coefficients were typically in the range of  0.15. Correlation coefficients between 






Figure S2 | Correlation analysis of simulated and real 
shear and thermal responses. a, b experimental thermal 
response data vs random distribution shear response data for 
quartz and Au respectively. c, d experimental shear response 
data vs random distribution thermal response data for quartz 
and Au respectively. e, f correlation of experimental data for 
both shear and thermal responses demonstrating a 
correlation coefficient in the range -0.8 to -1.0. In all cases 
correlation is calculated on the solid-solid contact regime 
corresponding to z position of 5 to 50 nm. 
 
  




Figure S3 | Modelling of actual contact, shear and thermal 
responses in vacuum. Calculated a, actual contact radius b, actual 
contact area c, shear force/τ and d, contact thermal resistance in the 
assumption of ballistic heat transport (RCb), corresponding to the 
experimental system in vacuum as function of load L for a probe 
radius of curvature r. 
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